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The determination of the three-dimensional structure of
organic and biomolecular compounds by NMR spectroscopy
usually involves the measurement of *J coupling constants,"
NOEs,” and cross-correlated relaxation to obtain informa-
tion about dihedral angles, distances, and projection angles,
respectively. If interconversion of conformers takes place and
is fast on the NMR time scale, NMR spectroscopic param-
eters for flexible parts of the molecule are motionally
averaged. This effect is one of the main complications in the
structure determination of nonrigid molecules and often
prohibits the determination of the relative configuration of
organic compounds.

It has been shown that residual dipolar couplings (RDCs)
can yield information complementary to that obtained from *J
coupling constants and NOE parameters also for organic
compounds*'” and enable the assignment of relative config-
urations even in the presence of a limited degree of
motion.!"¥ The problem of the joint treatment of an
unknown configuration and conformational averaging when
residual dipolar couplings are used in structure determination
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has scarcely been tackled. Herein two approaches are
discussed, and it is shown that even conformer populations
can be obtained from experimentally determined RDCs.
The example chosen for illustration is a five-membered-
ring compound investigated recently by some of us. The a-
methylene-y-butyrolactone had been synthesized as single
diastereoisomer,l' the relative configuration of which (trans,
denoted 1, or cis, denoted 2) was unknown and could not be
determined by using conventional NMR spectroscopic
parameters."! By using RDCs, however, it was possible to
assign the relative configuration as trans (Scheme 1)1
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Scheme 1. Structure of the a-methylene-y-butyrolactone 1 with atom
numbering.

The number of ring conformers of 1 is restricted to two,
denoted A and B in the following. These conformers are
envelope conformations, one with C2 below (A) and one with
C2 above (B) the almost planar arrangement of the remaining
ring atoms (see also Figure SI1 in the Supporting Informa-
tion).”l In the previous study,'! we used the transition
structure between A and B as a crude approximation of the
average ring conformation of 1. Additionally, we fitted the
structures of the two rigid conformers to the RDC data by
using one order tensor!'™®”! each. By using this method we
were able to assign the relative configuration as trans.*"!
However, we did not attempt to extract information concern-
ing the populations of the two conformers (p, and pg), which
was therefore one subject of the current investigation.

The direct (residual) dipolar coupling D, between spins [
and S, with magnetogyric ratios y; and yg is given by
Equation (1):2!

oo (o225

— _ HoYi ysh
s = 872ri

O is the angle between the interspin vector and the external
magnetic field, and r;g is the interspin distance (which
corresponds to the bond length for directly bound nuclei).
The angular brackets indicate that the RDCs are averaged
over both molecular tumbling and internal motion.

is the dipole—dipole coupling constant (in Hz),
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For flexible compounds, both r;; and @ become con-
formation-dependent.”? It is therefore necessary to examine
whether the internal motion can be approximately separated
from the reorientation of the molecule and how the separa-
tion of these processes can be incorporated into the analysis
of RDCs. As discussed by Burnell and de Lange,”?! the
mode of separation of reorientation and conformational
interconversion depends on the timescales of the two
processes. If conformational interconversion is fast relative
to molecular reorientation, it is sufficient to use one common
order tensor for all conformers. If reorientation and con-
formational interconversion occur on similar time scales, or
conformational interconversion is slow relative to reorienta-
tion, one order tensor for each conformer is required.

The previously reported!"!! 22 experimental RDCs were
analyzed in two ways: 1) We extracted the population by
superimposing the two conformers (in a physically sound
way) and by determining one common order tensor; 2) we
determined independent tensors for each conformer and
searched for a criterion for the extraction of the conformer
population. This second approach is less approximate.

The inherent assumptions are that the conformational
equilibrium can be described by an ensemble of rigid
conformers; thus, internal motion and reorientation are
completely independent and can therefore be sepa-
rated.”>>! It is also assumed that the conformational
equilibrium is not (significantly) shifted by the orienting
medium.””) Qur observations, which seem to justify this
assumption, are discussed below, first for the common-order-
tensor approximation and then for the multiple-tensor
approach.

The use of a common order tensor requires the physically
meaningful assignment of a molecule-fixed-axis system to the
various conformer structures to enable approximate separa-
tion of the internal motion and reorientation.” One
approach is to view the structures of the conformers as
vibrationally displaced from one rigid reference arrangement
to which the molecular frame is attached in such a way that its
origin resides at the center of mass and its axes are oriented in
a predefined manner (e.g. coinciding with the principal axes
of inertia). Subsequently, the molecule-fixed coordinate
system is assigned to the distorted structures so as to diminish
the coupling between reorientation (rotation, tumbling) and
internal motion (vibration). This task is frequently encoun-
tered in theoretical rovibrational spectroscopy of rigid
molecules, whereby the coupling between vibrational and
rotational motion in the kinetic energy is minimized when the
Eckart conditions are satisfied.”>!! Burnell and de Lange
suggested that the Eckart conditions may also be employed
for the analysis of (residual) dipolar couplings™ when
conformational equilibria are approximately accounted for.
This possibility has, however, apparently not been considered
in more recent applications of RDCs of weakly aligned
molecules.

We show herein that satisfied Eckart conditions for the
superposition of conformers of 1 enable assignment of the
relative configuration and even extraction of the conformer
population. We used the program hotFCHT*! to perform
the Eckart transformation. The resulting Cartesian coordi-
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nates for the two conformers of each diastereomer, trans-
configured 1 and cis-configured 2, in the Eckart system are
given in the Supporting Information.

If a common order tensor S for all conformers is assumed,
.[34]

Equation (1) can be expressed as follows [Eq. (2)]:

Dy = Z p:bl) cos 8 cos 9;;)5&/; @)
ic{AB} a.Be{xy.z}

in which Off) is the angle between the interspin vector in the ith

conformer and the molecule-fixed a axis (a,f€{x,y,z}), p; is

the population of the ith conformer (with }°p; = 1), and S,

are the (in this approach only) five linearly iﬁdependent order
parameters required™ to describe the partial alignment of
the molecular frame. In the study of the present compound,
only the two conformers A and B were considered (i.e.
ic{A,B}). This approach can, however, be readily extended to
more than two conformers.

The strategy used in the analysis was to fit the exper-
imental coupling constants collected in Table SI1 of the
Supporting Information to Equation (2)P® with directional
cosines taken from the previously reported energy-minimized
structures computed ab initio. The order parameters were
fitted, whereas the population p, was varied systematically in
small steps. In this approximation, both the order tensor and
the population can be determined, and the order parameters
in Equation (2) are different for every value of p,. Numerical
fitting was performed by using a computer code written in-
house that minimizes the factor g, which is given by
Equation (3):*7

N

[ZY (D — D) /03"
a= |7 (3)
> (D5 /o3P

=8

in which D and D} are the calculated and experimental
RDCs, respectively, o5 is the experimental standard devia-
tion, and N is the number of measured RDCs. The sum runs
over the various nonidentical combinations of I and S. As can
be seen from Equation (3), a small ¢ factor indicates a good
numerical fit.

The same population can also be obtained by solving the
system of equations with singular value decomposition
(SVD),®® as implemented in a development version® of
hotFCHT. Nonlinear strategies would be required, however,
to fit both {S,4} and p; simultaneously."’!

The population dependence of ¢ is displayed in Figure 1.
Clearly, there is no population for cis-configured 2 for which ¢
is lower than for 1. This result implies that the relative
configuration can safely be assigned as trans. Furthermore,
despite the fact that the population dependence of g is rather
weak, a shallow minimum is observed for g at p, = 0.6(2) for
compound 1, with ¢ =0.095.%% Thus, an ensemble constructed
from conformer A and conformer B in a 60:40 ratio fits the
experimental data better than any conformer alone.

Considering the serious approximations introduced when
a single order tensor is used for both conformers, it is
surprising to find that the population is in excellent agreement
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Figure 1. Population dependence of g for 1 (lower, bold line and inset)
and 2, as determined by using one common order tensor and 22
RDCs. The region around the minimum (p,=0.6(2) at ¢=0.095) for 1
is shown in the inset. The value in brackets and the gray lines indicate
one standard deviation, as determined from 1000 Monte Carlo
steps.®®* A cross-validation procedure is shown in Figure Sl4 in the
Supporting Information.*”

with the values extracted from J coupling constants in
isotropic solution (p, =0.6(2); see the Supporting Informa-
tion) and with the population calculated from the energy
difference between the conformers as computed at the MP2
level of theory (p, ca.0.6).1'!

A more general way to treat conformational equilibria is
to use one separate order tensor for each conformer.2*24 In
this approach, five (linearly independent) order parameters
for each conformer need to be determined™ by using
Equation (4):

Dy = Z Z p:b% cos 6P COSGE)SZ/), (4)
i€{A B} a.fe{xy.z}

in which Sff/)3are the order parameters of the ith conformer (A
and B in this case).[*!

Again we assumed that a lower g factor indicates a better
fit."?! In this approach, however, the population parameter is
not linearly independent of the (10) order parameters.
Therefore, the value of g remains constant when the
population is scanned, and constraints must be introduced
to determine the populations of conformers. The population
and the magnitude of the order tensor are not linearly
independent fit parameters in this approach. This magnitude
is usually defined as the generalized degree of order,
[Eq (5)]:[19,43,44]

0= 25 (sn) )

afe{xyz}

in which i€{A,B} enumerates the two conformers. For the
following step, we thus introduced the assumption that the
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orienting media align the two conformers A and B with equal
strength. This approach seems to be justified, as the inter-
actions between the solute and the medium used in this study
(pentaethylene glycol monodecylether (C,,Es)/n-hexanol/
D,0) are weak.

We require that the o value of the two conformers is
equal: ¥* = ¢¥®. The population scan of the two generalized
degrees of order is shown in Figure 2. The intersection of the
curves yields the population of the conformational equilibri-
um. Since G > Gians (qeis=0.098(10) and g, = 0.049(10)),
the relative configuration can safely be assigned as trans.
Therefore, only the trans-configured diastereoisomer 1 was
considered.
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Figure 2. Population dependence of the generalized degrees of order
for 1, as calculated by using 22 RDCs and one order tensor for each

conformer, ¥*and ©®. The gray lines indicate one standard deviation,
as determined from 1000 Monte Carlo steps.’®3 A cross-validation

procedure is shown in Figure SI5 in the Supporting Information."”

The curves intersect at p, = 0.65(7), which indicates that a
65:35 ratio of conformer A to conformer B is in agreement
with the RDC data observed./*”! In this approach, the error in
the extracted population is much smaller (one standard
deviation is 0.07) than that for the single-tensor fit (one
standard deviation is 0.20). Again, the value extracted from
RDC:s by using the multiple-conformer multiple-tensor fit is
well within experimental estimates of the population deter-
mined from calculated J coupling constants, from quantum-
chemical calculations, and by the multiple-conformer single-
tensor fit described above. The orientations of the tensors
obtained from the multitensor fit, however, do not coincide.

The drawback of the multiple-conformer multiple-tensor
approach is that five order parameters®™ need to be
determined for each conformer. Increased molecular flexi-
bility (an increased number of conformers) leads to a
situation in which the number of parameters that must be
extracted from the analysis can clearly exceed the experi-
mental data set, so that systems become undetermined. This
factor restricts the use of this approach to moderately flexible
molecules. When molecules with increased flexibility are
investigated, analytical models that allow for continuous bond
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rotation might be required. Three approaches that have
frequently been used for the interpretation of (R)DCs are the
additive potential (AP) model®! the maximum entropy
(ME) approach,*! and a combination of these two strategies.
The last method was developed for low-order liquid crystals
and is denoted APME. -1

In summary, we have presented two approaches, namely,
I) the use of a single effective order tensor and II) a less
approximate approach in which each conformer is accounted
for by an individual order tensor, for the analysis of the
relative configuration and conformational equilibrium of a
moderately flexible molecule, the a-methylene-y-butyrolac-
tone 1. This compound exhibits two major ring conformations,
and the RDCs (and other NMR spectroscopic parameters)
are averaged by motion that is fast on the NMR time scale.

Both approaches enabled the simultaneous determination
of configuration (trans in this case) and conformer popula-
tion. The populations extracted for the o-methylene-y-
butyrolactone investigated in this study by both methods fit
the populations obtained from (calculated) J coupling con-
stants and quantum-chemical calculations very well. This
good agreement also indicates that the conformational
equilibrium is not shifted (at least not significantly) by the
orienting medium. Another way to investigate whether or not
the orienting medium influences the conformational equilib-
rium would be to compare data extracted from different
orienting media.’®! A study of this type is currently in
progress.

When the analysis is performed with a single order tensor,
one has to bear in mind that the approximation made, namely,
that all conformers can be described by one common order
tensor, is relatively crude. We employed the Eckart con-
ditions™?**! to superimpose the individual conformers. For
the molecule in this study, it seems to be reasonable to make
this approximation of one common order tensor, as both the
relative configuration and the conformer population could be
extracted, and qualitatively the same information was
obtained as in the individual-order-tensor fit.

As to the general applicability of the approaches discussed
herein, the simultaneous assignment of relative configuration
and conformer population is not guaranteed to be possible for
other compounds, and even wrong assignments are not a
priori ruled out. Methods such as sensitivity analysis or
additional physically justified constraints in the multitensor
approach may provide useful information and are thus under
investigation.””
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